Increasing global energy demands combined with unprecedented levels of atmospheric CO~2~ caused by burning fossil fuels have spurred widespread interest in renewable energies, of which solar energy plays a prominent role.[@cit1],[@cit2] Reduction of water to hydrogen has been put forward as a promising 'solar-to-fuel' approach to store harvested sunlight. In this context, the development of inexpensive and efficient catalysts for the hydrogen evolution reaction (HER) is crucial for achieving a sustainable carbon-neutral energy economy. While many molecular catalysts for the photocatalytic HER have been developed in recent years,[@cit3] such studies are frequently performed in homogeneous solution phase. In contrast, future solar fuels devices will most likely require heterogenized catalysts for simple practical considerations. There is thus a need to immobilize molecular catalysts that are appealing, for example, due to their high activity per metal centre, into heterogeneous supports.[@cit4],[@cit5] Moreover, scalable and technologically robust solar-H~2~ evolving systems require the use of inexpensive, non-noble metal based catalysts.

Metal--organic frameworks (MOFs), a class of materials comprised of metal-cluster nodes connected by organic linkers,[@cit6],[@cit7] represent an excellent scaffold for incorporating single-site molecular catalysts because of their porous and crystalline nature, high surface area, and structural versatility.[@cit8] Immobilizing molecular species within MOF-supports allows catalyst recycling, and eliminates potentially destructive collisional pathways by site isolation of the catalytic species. Encapsulation of molecular catalysts within MOF cavities was used by different groups to incorporate cobalt catalysts[@cit9],[@cit10] and a \[NiFe\]-hydrogenase mimic[@cit11] inside MOFs, MIL-125(Ti)-NH~2~ and PCN-777, respectively. While these MOF-composites were robust and recyclable, such 'ship-in-a-bottle' type encapsulation strategy requires precise size-matching between the catalyst and MOF-pore-windows to prevent the catalysts from leaching out, and thus, limits the choice of MOFs and catalysts. Moreover, substrate and product transport may become limiting in such systems where the MOF pores are occupied by catalysts.[@cit12]

Grafting molecular catalysts into MOFs *via* covalent or coordination bonds offers a more versatile route towards MOF-catalysts. Surprisingly, only few such examples with HER catalysts have been reported to date, most of them based on \[FeFe\]-hydrogenase (H~2~ase) mimics.[@cit12]--[@cit16] While such species offer IR spectroscopic handles for probing oxidation and protonation states of the catalysts inside the MOF and are appealing for mechanistic studies, \[FeFe\] H~2~ase models are limited as HER catalysts.[@cit17],[@cit18] For the present study, we therefore chose cobaloximes as HER catalyst, as they are among the most active molecular catalysts when considering activity, overpotential requirement, and synthesis costs.[@cit19],[@cit20]

Herein, we report the first example of anchoring a cobaloxime catalyst, Co(dmgH)~2~(4-HEP)Cl (dmgH = dimethylglyoxime, 4-HEP = 4-(2-hydroxyethyl)pyridine) (compound **1**, [Scheme 1](#sch1){ref-type="fig"}), into a MIL-101(Cr) *via* a coordination linkage. The resulting material, MIL-101-CH~2~@**1**, was fully characterized and was shown to be an efficient photocatalyst with a high rate for H~2~ evolution.

![Schematic illustration of the post-synthetic chloromethylation on the aromatic rings of MIL-101(Cr) and incorporation of the molecular cobaloxime catalyst.](c8se00072g-s1){#sch1}

The chromium based MIL-101 framework was selected as the scaffold due to its exceptional thermal and chemical stability.[@cit21]--[@cit23] MIL-101(Cr) \[Cr~3~(μ~3~-O)(OH)(BDC)~3~(H~2~O)~2~\]·∼25H~2~O; (BDC = benzene-1,4-dicarboxylate), contains large inner cages of 2.9 and 3.4 nm diameters with pore aperture window diameters of 1.2 and 1.6 nm, respectively,[@cit21] and its BDC linkers can easily be functionalized *via* post-synthetic modifications (PSM). Thus, MIL-101(Cr) was functionalized with chloromethylene groups at the BDC linkers to provide anchoring points for catalysts incorporation. This transformation is easily done by the reaction of MIL-101(Cr) with methoxyacetyl chloride and aluminium chloride to give MIL-101-CH~2~Cl.[@cit24] The catalyst was grafted onto the MOF by the reaction of MIL-101-CH~2~Cl and **1** in the presence of K~2~CO~3~ in acetone to yield MIL-101-CH~2~@**1** ([Scheme 1](#sch1){ref-type="fig"}). The ICP-AES of acid digested MIL-101-CH~2~@**1** shows a Co : Cr ratio of 1 : 8, which corresponds to 0.36 μmol \[Co\] per mg MOF (Table S1[†](#fn1){ref-type="fn"}). The cobaloxime loading within MIL-101(Cr) can easily be controlled by varying the reaction conditions, and a second MOF-catalyst with lower cobaloxime loading was also synthesized (0.07 μmol Co per mg MOF, denoted as MIL-101-CH~2~@**1~low~**). These catalyst loadings correspond to an average occupancy of 5 and 1 cobaloxime units in each of the large diameter pores of MIL-101-CH~2~@**1** and MIL-101-CH~2~@**1~low~**, respectively, and 3 and 0.7 for the smaller pores, assuming an idealized statistical distribution throughout the MIL-101(Cr) framework (see ESI[†](#fn1){ref-type="fn"}). The powder X-ray diffraction analyses of the three materials, MIL-101(Cr), MIL-101-CH~2~Cl, and MIL-101-CH~2~@**1**, demonstrate that the underlying crystallinity of the MIL-101 framework is maintained during the PSM steps ([Fig. 1a](#fig1){ref-type="fig"}). Also, the scanning electron microscope (SEM) images for MIL-101(Cr), MIL-101-CH~2~Cl, and MIL-101-CH~2~@**1** show that the PSM steps do not affect the MOF morphology and the cubic shape of the micro-crystals remain intact in the composites (Fig. S1[†](#fn1){ref-type="fn"}). As expected, the BET surface areas of the MOFs, measured by N~2~-sorption, decreased from 3160 m^2^ g^--1^ to 2272 m^2^ g^--1^ after chloromethylation, and further to 1512 m^2^ g^--1^ following immobilization of the cobaloxime units in the high \[Co\] loading material (Fig. S2[†](#fn1){ref-type="fn"}). The introduced cobaloximes are uniformly distributed throughout the MIL-101-CH~2~@**1** micro-crystals as confirmed by scanning electron microscopy-energy dispersive X-ray (SEM-EDX) elemental mapping ([Fig. 2b](#fig2){ref-type="fig"} and S3[†](#fn1){ref-type="fn"}). This surface sensitive technique gave a Co : Cr ratio of 1 : 7 (±0.5) which is in good agreement with the ICP-AES analysis of the bulk material.

![(a) PXRD of MIL-101(Cr), MIL-101-CH~2~Cl and MIL-101(Cr)-CH~2~@**1**; (b) SEM image of MIL-101-CH~2~@**1** and corresponding color-coded EDX elemental analysis maps (labeled images). Each scale bar represents 1 μm.](c8se00072g-f1){#fig1}

X-ray absorption spectroscopy at the Co *K*-edge was used to assess the structural integrity and redox level of the cobalt centers in powder samples of the materials ([Fig. 2](#fig2){ref-type="fig"}). Both molecular and MOF-catalyst (**1** and MIL-101-CH~2~@**1**) show a *K*-edge energy in the XANES (extended X-ray absorption near edge structure) which is consistent with predominantly Co([iii]{.smallcaps}) centers. While the overall edge shape of **1** and MIL-101-CH~2~@**1** indicates near-octahedral Co([iii]{.smallcaps}) centers, the difference in XANES edge shapes indicates a change of ligation state at cobalt upon immobilization of **1** into the MOF. The primary coordination sphere around cobalt was verified using EXAFS (extended X-ray absorption fine structure) analysis ([Fig. 2](#fig2){ref-type="fig"}, [Tables 1](#tab1){ref-type="table"} and S2[†](#fn1){ref-type="fn"}). The cobalt--ligand bond lengths in **1** determined from EXAFS are in good agreement with the crystal structure of the analogous cobaloxime complex \[Co(dmgH)~2~(pyr)Cl\],[@cit25] and a near-quantitative presence of the axial chloride ligand was observed. Upon grafting **1** into MIL-101(Cr), however, the chloride ligand is barely detectable. Instead, a coordinated solvent molecule or hydroxo ligand could be detected with a Co--O bond length of ∼1.95 Å.[@cit26] Such a ligand exchange can be expected due to the lability of the Co([iii]{.smallcaps})--Cl bond under basic conditions (K~2~CO~3~ in acetone).

![(a) Normalized Co *K*-edge spectra, (b) *k*-weighted EXAFS oscillations *χ*(*k*)*k*^3^, and (c) Fourier-transforms of EXAFS oscillations in *R* space for MIL-101-CH~2~@**1** (red trace) and the molecular cobaloxime (Co(dmgH)~2~(4-HEP)Cl (**1**), black trace). In (b) and (c), solid and dashed lines show experimental and simulated data, respectively, with the parameters listed in [Tables 1](#tab1){ref-type="table"} and S1.[†](#fn1){ref-type="fn"}](c8se00072g-f2){#fig2}

###### First neighbouring atom bond lengths around cobalt

  Bond length (Å)   **1** [^*a*^](#tab1fna){ref-type="table-fn"}   MIL-101-CH~2~@**1**[^*a*^](#tab1fna){ref-type="table-fn"}   Co(dmgH)~2~PyCl[^*b*^](#tab1fnb){ref-type="table-fn"}
  ----------------- ---------------------------------------------- ----------------------------------------------------------- -------------------------------------------------------
  Co--N (dmgH)      1.90 (4)                                       1.92 (4)                                                    1.895 (4)
  Co--N (py)        1.83 (1)                                       1.82 (1)                                                    1.959 (1)
  Co--Cl            2.24 (0.8)                                     ---                                                         2.229 (1)
  Co--O             2.42 (0.2)                                     1.95 (1.2)                                                  ---

^*a*^Bond lengths from EXAFS analysis.

^*b*^Experimental bond-lengths obtained from single crystal X-ray analysis. Number of atoms around the cobalt centre is given in parenthesis.

The photocatalytic HER activity of MIL-101-CH~2~@**1** was investigated using an organic photosensitizer, Eosin-Y (EY, a divalent anion in aqueous solution), that has previously been shown to be effective for photocatalytic hydrogen evolution using cobaloximes.[@cit27],[@cit28] In a typical experiment, MIL-101-CH~2~@**1** was suspended in a 1 : 1 water-acetonitrile mixture containing EY (0.05 mM) and triethanolamine (5% v/v), buffered at pH 7. The suspension was irradiated with visible light (455--850 nm) and the composition of the headspace gas was monitored by gas chromatography.

The photocatalytic performances of the two materials with different Co loadings (MIL-101-CH~2~@**1** and MIL-101-CH~2~@**1~low~** with 0.36 and 0.07 μmol Co per mg MOF, respectively) are shown in [Fig. 3a](#fig3){ref-type="fig"}. MIL-101-CH~2~@**1** remains active for approximately 10--15 h with an initial H~2~ evolution rate of 1.5 mmol h^--1^ g^--1^ MOF (over 10 h). For MIL-101-CH~2~@**1~low~**, H~2~ evolves at a slower rate (0.7 mmol h^--1^ g^--1^ MOF) for a shorter time period (∼2 h) before gradually ceasing in ∼5 h. The total amount of evolved H~2~ corresponds to ∼45 (20 h) and ∼34 (10 h) turnovers *vs.* \[Co\] for MIL-101-CH~2~@**1** and MIL-101-CH~2~@**1~low~**, respectively. For comparison, irradiation of a homogeneous solution of a cobaloxime reference catalyst \[Co(dmgH)~2~(4-methylpyridine)Cl\] and EY under similar conditions (2.5 μmol cobaloxime and 0.6 μmol EY) evolved ∼24.9 μmol H~2~ after 4 h (TON = 10) which is significantly lower than the TONs obtained for both MIL-101-CH~2~@**1** materials after identical irradiation times (∼20 and ∼30 turnovers, [Fig. 3a](#fig3){ref-type="fig"} inset). Notably, when the rate of H~2~ formation is normalized to total catalyst content ([Fig. 3a](#fig3){ref-type="fig"} inset), MIL-101-CH~2~@**1~low~** evolves H~2~ at a faster rate compared to that in the high-loading material, which is consistent with the five times higher photosensitizer/catalyst ratio in MIL-101-CH~2~@**1~low~** experiments (\[EY\]:\[Co\] = 5 : 4) compared to those in MIL-101-CH~2~@**1** and homogeneous system (\[EY\]:\[Co\] = 1 : 4). Control experiments show that cobaloxime catalyst, EY, TEOA, and light are all necessary components for hydrogen evolution. Pristine MIL-101 and the chloromethylated framework (MIL-101-CH~2~Cl) show no activity towards H~2~ generation under these conditions.

![(a) Photocatalytic proton reduction using MIL-101-CH~2~@**1** (black) and MIL-101-CH~2~@**1~low~** (red); inset: comparison of the corresponding catalyst turnover numbers (TON) for MIL-101-CH~2~@**1** materials (black and red traces for high and low \[Co\]-loading, respectively) and that for the molecular catalyst in homogeneous solution (blue trace). (b) Reactivation of MIL-101-CH~2~@**1** by treating the inactive MOF with Co(dmgH)~2~Cl~2~. (c) Recycling tests on MIL-101-CH~2~@**1**. Conditions for photocatalysis: 0.05 mM EY, 1 : 1 water/acetonitrile, 5% (v/v) TEOA, pH 7.](c8se00072g-f3){#fig3}

ICP-AES analysis of the MOF-catalyst after photocatalysis shows that more than 90% of the initially present cobalt has been lost from the material. This finding is in line with earlier reports that have questioned the stability of the axial cobalt-pyridine coordination bond in the Co([i]{.smallcaps}) oxidation state.[@cit29]--[@cit33] Decoordination of the cobaloxime from the labile pyridine ligand during catalytic cycle and subsequent degradation of the catalyst to Co^2+^ ions limits the longevity of the MOF-catalyst under photocatalytic conditions. To confirm the dissociation of the Co--pyridine linkage, the inactive MOF-catalyst isolated after photocatalysis was treated with freshly prepared cobaloxime, \[Co(dmgH)(dmgH~2~)Cl~2~\], to reconstitute the catalyst unit \[Co(dmgH)~2~pyCl\] on MIL-101. The obtained material was washed thoroughly to remove any cobaloxime that is not coordinated to any pyridine. Gratifyingly, catalytic activity of the 'repaired' MOF-catalyst was restored to approximately 60% of that of the starting material ([Fig. 3b](#fig3){ref-type="fig"}).

The obtained results are consistent with the hypothesis that cobaloxime species, \[Co^I^(dmgH)~2~\] and \[Co^III^(dmgH)~2~(H)\], that are detached from the pyridine groups during the photocatalytic cycle remain in close proximity of the pyridine anchors inside the MOF-pores. Restoration of the Co--pyridine coordination bond during catalysis is therefore far more likely to occur inside the MOF-pores compared to the situation in the homogeneous system. Consequently, the heterogeneous MOF-catalyst displays enhanced HER activity due to the presence of axial N-ligand.[@cit34] Eventual deactivation of the system likely occurs through diffusion of detached \[Co(dmgH)~2~\] units out of the MOF-cages, followed by loss of the glyoxime ligands from cobalt.[@cit29] In MIL-101-CH~2~@**1~low~**, the majority of the cobaloxime units may preferentially reside at the exterior of the MOF-crystals, as has been found for related PSM reactions in other MOFs.[@cit35],[@cit36] Such a localization would be consistent with the shorter lifetime of MIL-101-CH~2~@**1~low~** during photocatalysis (∼2 h) as the \[Co(dmgH)~2~\] intermediates would be more prone to diffuse from the MOF-crystals to the bulk solution.

To ensure that the hydrogen evolution is not catalysed by cobaloxime units (Co(dmgH)~2~L~2~; L = Cl or solvent) that leached from MIL-101 cages, photocatalytic HER of the supernatant solution isolated after 1 h of irradiation was tested and showed negligible activity. Moreover, the MIL-101-CH~2~@**1** maintained activity during the recycling experiments up to five runs ([Fig. 3c](#fig3){ref-type="fig"}) consistent with heterogeneous catalysis. This data is consistent with our hypothesis that photocatalysis occurs inside the MOF-pores and that the axial pyridines detach and reattach to the Co centers. Powder XRD profile and SEM analyses of the MOF-material isolated after photocatalysis demonstrate that the MOF retains crystallinity and structural integrity, highlighting the stability of MIL-101 under photocatalytic conditions (Fig. S4 and S5[†](#fn1){ref-type="fn"}).

In summary, we have developed a strategy for using chloromethylated MIL-101(Cr) framework as a support for immobilizing cobaloxime catalysts. Importantly, the PSM strategy employed here does not rely on any structural resemblance between the catalyst and linker, and is thus applicable to a wide range of MOFs and catalysts. While the hybrid MOF-catalyst (MIL-101-CH~2~@**1**) catalyses photochemical hydrogen evolution at a decent rate, the limited stability of the axial cobalt--pyridine bond under turnover conditions compromises sustained catalysis. Nevertheless, the observed rate of H~2~ evolution ranks MIL-101-CH~2~@**1** (1.5 mmol H~2~ h^--1^ g^1^ MOF over initial 10 h) among the most active MOF-based photocatalysts for HER (Table S3[†](#fn1){ref-type="fn"}). In comparison, the two previously reported hybrid MIL-125-NH~2~(Ti) materials with encapsulated cobalt catalysts evolved H~2~ at a much slower rate (0.38 and 0.55 mmol H~2~ h^--1^ g^--1^ MOF), but they show prolonged activity over significantly longer time period.[@cit9],[@cit10] Future developments, for example by a more robust covalent linkage of cobaloxime catalysts will most likely increase the longevity of the MOF/catalyst hybrid material even further.
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